The aim of this study was to assess the arbuscular mycorrhizal (AM) status of trees currently being used for phytoremediation of mining contaminated sites in South Africa, and to determine the AM fungal diversity of these sites. The trees, Tamarix usneoides, Searsia lancea and Searsia pendulina planted on waste sites associated with gold and uranium and zinc and platinum mining were assessed in late summer and the AM fungi were identified by molecular analysis of the small subunit rRNA gene sequences from spore DNA. All trees on all sites showed moderate to high mycorrhizal colonisation levels including those from wild populations of T. usneoides growing in uncontaminated sites. The AM fungi identified fell within the Claroideoglomus, Diversispora, Glomus, Acaulospora and Sclerocystis taxa and although their species diversity was relatively low there were distinct trends in their association with the three plant species sampled. The study represents a first report of the mycorrhizal status of T. usneoides and of the use of molecular techniques for the identification of AM fungi associated with mine wastes in South Africa. The results will assist in making decisions about the application of AM fungal inoculum in phytoremediation programmes for mine waste rehabilitation.
1. Introduction
Arbuscular mycorrhizal fungi and plant host interactions
Arbuscular mycorrhizal (AM) fungi are a monophyletic group of obligate root symbionts that comprise the entirety of the phylum Glomeromycota (Audet and Charest, 2007; Hildebrandt et al., 2007; Schüßler et al., 2001; Smith and Read, 2008) . They are a ubiquitous feature of terrestrial environments and are associated with more than 80% of extant plant species (Krüger et al., 2012; Smith and Read, 2008) . The principal characteristic of this association is an exchange of nutrients centred on the provision of a carbon source for the fungus in exchange for a supply of phosphorus to the plant (Smith and Read, 2008) . Beyond this, the symbiosis may affect several other factors that influence the plant's ecology; such as water availability, access to other nutrients (e.g. nitrogen and micronutrients), grazing resistance, and tolerance to soil pathogens and pollutants (Hildebrandt et al., 2007; Rai and Bridge, 2009; Smith and Read, 2008) .
AM fungi typically have low levels of host specificity (Johnson et al., 2005; Smith and Read, 2008) . There is, however, significant functional diversity within the Glomeromycota, so that multiple mycorrhizal species colonising a single individual host need not be functionally redundant in the symbiosis (Antunes et al., 2011; Klironomos, 2000) . Certain groups, for example, may more significantly improve phosphorus availability; while others may be better suited in providing protection from pathogens, and the relative benefit of these traits depends on the conditions of the environment and the vigour of the host plant (Antunes et al., 2011; Klironomos, 2000) . Additionally, some AM fungi have exhibited host preference when presented with the opportunity to colonise different host species while, reciprocally, different plant species may vary in the degree to which they form mycorrhizal associations (Antunes et al., 2011; Johnson et al., 2005; Klironomos, 2000) . The community structures of both plants and AM fungi in a given environment are influenced by each other as a result of these factors.
Phytoremediation and the role of AM fungi in mine waste site rehabilitation
Phytoremediation encompasses a subset of bioremedial techniques that entail the use of plants for the detoxification and stabilisation of polluted environments (Audet and Charest, 2007; Hildebrandt et al., 2007) . Heavy metal (HM) pollution is a prominent feature of mine waste sites (Straker et al., 2007 , and phytoremedial efforts have shown promise for the rehabilitation of such sites through the use of South African Journal of Botany 94 (2014) [231] [232] [233] [234] [235] [236] [237] metallophyte plants which are able to tolerate exceedingly high HM concentrations by either stabilising the HM in the soil (through the secretion of chelating agents), or by hyperaccumulating HM and storing them in subcellular compartments (Audet and Charest, 2007; Hildebrandt et al., 2007) . It has been established that the plant-AM fungal symbiosis can potentially enhance the HM tolerance and accumulative capacity of phytoremedial plants, though the mycorrhizal status of many metallophyte plants is unknown (Alford et al., 2010; Audet and Charest, 2007; Hildebrandt et al., 2007) . The potential benefit of the AM fungal association is attributable to the increased surface area that the fungus effectively affords the plant, through which HM can be reached, and the ability of AM fungi to immobilise HM in the soil by means independent of those used by plants, such as through the secretion of glomalin (a soil aggregating glycoprotein) into the soil (Audet and Charest, 2007; Hildebrandt et al., 2007) . There is significant evidence to suggest that mycorrhizal plants are more effective than nonmycorrhizal plants for the remediation of polluted soil, and are better able to survive as a result of the mycorrhiza, from which it can be inferred that mycorrhizal colonisation of susceptible metallophyte plants can drastically improve the phytoremediation of HM polluted soils (Hildebrandt et al., 2007; Leyval et al., 2002) . AM fungal species that are best suited for the rehabilitation of a polluted site are typically those that are indigenous, probably as they are better adapted to the presence of the pollutants and are more likely to occupy a functional niche that promotes survival in the conditions of the site (Hildebrandt et al., 2007; Takács, 2012) . As such, identification of the native AM fungal species of a polluted site is a necessary step in a phytoremedial strategy incorporating mycorrhiza (mycorrhizoremediation) (Takács, 2012 ).
Molecular identification of AM fungi
Traditionally, AM fungi have been identified according to morphological characteristics, especially those of spores (Krüger et al., 2012) . This process is both arduous and problematic because of the limited variation of spore morphotypes between species, and the propensity of some species to produce spores of different morphotypes (Krüger et al., 2012) . With the development of molecular tools for the identification of AM fungi, the AM fungal community composition of an environment can now feasibly be investigated. In particular, the nested AML primer pair targeting a portion of the SSU rRNA region (Lee et al., 2008) allows for the reliable identification of AM fungi to the genus level while screening out non-AM fungal organisms (Krüger et al., 2012) . Furthermore, the recent revisions and consolidations in the phylotaxonomy of AMF have provided the requisite foundation for comprehensive investigation into the diversity of AM fungi from environmental samples (Krüger et al., 2012; Redecker et al., 2013; Schüßler and Walker, 2010 ).
AM fungi and mine tailings rehabilitation in South Africa
Phytoremedial strategies have been implemented for the rehabilitation of gold and uranium mine tailings (or tailings storage facilitiesTSFs); for example the Mine Woodlands Project in the Witwatersrand Basin (Dye and Weiersbye, 2010) . The AM status of these rehabilitated and non-rehabilitated tailings in North West and Free State provinces had been previously surveyed (Straker et al., 2007 , and the present work constitutes a further effort to establish the AM status of phytoremedial metallophytes used in such rehabilitation programmes. The plants sampled were Tamarix usneoides E.Mey. ex Bunge, Searsia lancea (L.f.) F.A. Barkley and Searsia pendulina (Jacq.) Moffett, comb. nov., all of which are trees indigenous to southern Africa and now being planted to create artificial woodlands to rehabilitate TSFs, or their footprints, and other HM-contaminated mine sites in South Africa (Dye and Weiersbye, 2010) . Moreover, since no molecular data on the identity of AM fungi on mine waste sites in South Africa exist, the community composition of AM fungi associated with these plants on these sites has been explored using nested PCR amplification of spore DNA. This work represents a composite of three different studies done over three years.
Materials and methods

Mining sites sampled
Soil and root samples were gathered from artificial woodland sites around TSFs at West Complex (S 26°55.950′ E 26°41.654′) located in North West Province and Mispah (S 26°59.365′ E 26°46.552′) located in Free State Province for one T. usneoides sample set (2010 study), and for the S. lancea and S. pendulina sample set (2012 study). Both tailings are found on the Vaal Reefs mining complex owned by Anglogold Ashanti Limited. Soil and root samples for another T. usneoides sample set (2011 study) were gathered from the heavy metal contaminated sites, ABB Zinc (S 26°25.438′ E 28°26.110′) and Impala Platinum (S 26°13.054′ E 28°26.545′) and from wild populations in uncontaminated locations in the Northern Cape (S 28°37.381′ E 20°20.849′; S 30°40.458′ E 18°25.727′; S 27°18.766′ E 20°06.561′). The Impala Platinum site is located in Springs, Gauteng and the ABB Zinc site is located in Nigel, Gauteng. Impala Platinum samples were collected from the area immediately around four evaporation dams used by the platinum refinery, and ABB Zinc samples were collected from a grassland area just south of a galvanizing plant. Although the soil chemistry of all the sites is not available, preliminary unpublished data (iThemba LABS, Cape Town) is available for the West Complex (WC) site and a similar site to the Impala Platinum site. These data show the platinum site to be higher in the following metals: extractable Mg (10-fold) and total Mg (4-fold); extractable Cr and total Cr (both 2-fold); extractable Ni (3.5-fold) and total Ni (3-fold); and extractable Al (3-fold) and total Al (2.5-fold). On the other hand, the platinum site was found to be lower in the following metals: extractable Zn (9-fold) and total Zn (2-fold); extractable Pb (5-fold) and total Pb (6-fold); extractable Ti (5-fold) and total Ti (2-fold); and extractable Au and total Au (3.5-fold). Extractable Cu was higher in the platinum site (2-fold) but the two sites are similar in total Cu, whereas extractable Fe is lower in the platinum site (4-fold) but the two sites are similar in total Fe. The platinum soils also have a higher pH (6.4) than the WC soils (3.7).
At each site at least three trees of similar age were selected. Three sub-samples of soil and fine root material from different points around each tree within a 20-30 cm radius were collected and bulked to form a single replicate sample. Root samples were separated from the soil and excess debris was removed before being rinsed and placed in 50% ethanol solution for storage until further processing. Sampling for the three studies was done from mid-April to early May in 2010, 2011 and 2012.
Root colonisation determination
The roots were cleared and stained using the method first described by Kormanik and McGraw (1982) and modified by Koske and Gemma (1989) and analysed for extent of AM fungal colonisation using the magnified intersections method (McGonigle et al., 1990 ).
Spore count analysis
Spores were isolated from 100 g soil using a modified version of the sieving protocol developed by Gerdeman and Nicolson (1963) , which was improved upon by Pacioni and Rosa (1985) . Sieve sizes were 1000 μm, 212 μm, 125 μm and 45 μm. Isolated spores were caught in pre-wetted 9 cm filter discs in a Büchner funnel using suction filtration. Grids of roughly 1 cm resolution were drawn on the filter discs to separate microscope fields for spore counting.
AM fungal identification and phylogenetics
Two methods were employed for molecular analysis using spores, namely, extracted DNA and direct tissue PCR.
DNA extraction
The DNA extraction protocol used was a modified version of that proposed by Gardes and Bruns (1993) . Modifications included: the use of 50 spores instead of mycelia or plant tissue, the use of liquid nitrogen as opposed to dry-ice-ethanol in the freeze-thaw cycle, the use of Proteinase K for digesting protein in the samples, the use of phenol in addition to chloroform for the removal and denaturation of proteins from the samples and the use of isoamyl alcohol and ethanol for DNA precipitation rather than isopropanol. Additional modifications included using CTAB as the buffer, incubation time for protein digestion, the addition of 1 mm glass beads prior to vortexing, the use of 96% ethanol instead of 70% ethanol and an overnight incubation for the wash.
PCR
A nested PCR method was used and consisted of a modified version of the method outlined by Lee et al. (2008) . The modification entailed the use of extracted spore DNA in some cases as opposed to single crushed spores. This PCR protocol was employed using the extracted DNA as well as crushed spores. Fermentas Phire® Plant Direct PCR Kit was used for the majority of Searsia species samples. For direct PCR, the procedure was carried out using five to ten spores and the reaction mixture was made according to the provided instructions. All reaction mixtures were made up to 50 μl according to the kit guidelines.
The first PCR utilised the universal eukaryotic nuclear primers NS1 and NS4 (Lee et al., 2008) . For the T. usneoides samples the primary PCR was carried out as follows: the initial denaturation at 95°C for 3 min; followed by 30 cycles with the denaturation steps at 94°C for 30 s each; the primer annealing steps at 40°C or 45.1°C or 52.9°C depending on the DNA sample for 1 min each; the elongation steps at 72°C for 1 min each; and after the 30 cycles a final extension step at 72°C for 10 min. For the two Searsia species the primary PCR was carried out as follows: the initial denaturation at 98°C for 5 min; followed by 40 cycles with the denaturation steps at 5 s each; the primer annealing steps at 54°C; the elongation steps at 72°C for 20 s and after the 40 cycles a final extension step at 72°C for 1 min. The product produced by the first PCR was used as the template for the nested PCR reaction.
The nested PCR reaction utilised the AM fungal primers AML1 and AML2 (Lee et al., 2008) . For the T. usneoides samples the nested PCR was carried out as follows: the initial denaturation at 95°C for 3 min; followed by 30 cycles with the denaturation steps at 94°C for 30 s each; the primer annealing steps at 64°C for 1 min each; the elongation step at 72°C for 1 min each; and after the 30 cycles a final extension step at 72°C for 10 min (Lee et al., 2008) . For the two Searsia species the nested PCR was carried out as follows: the initial denaturation at 98°C for 5 min; followed by 40 cycles with the denaturation steps at 98°C for 5 s each; the primer annealing steps at 63°C for 5 s each; the elongation step at 72°C for 20 s each; and after the 40 cycles a final extension step at 72°C for 1 min. All PCR products were visualised on 1% agarose/TBE gels containing EtBr. The T. usneoides nested PCR reactions were sent to Inqaba Biotec South Africa and the two Searsia species nested PCR reactions were sent to the University of Stellenbosch DNA sequencing unit for PCR clean-up and DNA sequencing.
Phylogenetic analysis
The sequence electropherograms were analysed using Chromas Lite and BioEdit; and manual adjustments were made where necessary for the consensus sequences. Following this, a BLAST was used on the sequence data using the megablast algorithm (Zhang et al., 2000) and the MaarjAM database (http://maarjam.botany.ut.ee). The sequences for the T. usneoides samples from the two heavy metal contaminated sites and Northern Cape and for the two Searsia species samples were subjected to a multiple sequence alignment using MAFFT version 6 and phylogenetic analysis was performed using MEGA 5 to generate a bootstrapped neighbour-joining tree of the multiple sequence alignment which was visualised using TreeExplorer.
2.5. Statistical analysis 2.5.1. Root magnified intersection scores
Arcsine transformation was performed on the root colonisation data and a one-way ANOVA (IBM SPSS Statistics 21) was performed on the T. usneoides samples from ABB Zinc, Impala Platinum and Northern Cape, followed by a Tukey-Kramer analysis (IBM SPSS Statistics 21); and a two-way ANOVA (SAS 9.3 Enterprise Guide 5.1) was performed on the S. lancea and S. pendulina from West Complex and Mispah followed by a Tukey-Kramer analysis (SAS 9.3 Enterprise Guide 5.1) and a two sample t-test (Excel 2007) was performed on the T. usneoides samples from West Complex and Mispah.
Spore counts
To determine the means for each tree, spore counts from each sieve size were added together. One-way ANOVA (SPSS 21) was performed on the T. usneoides samples from ABB Zinc, Impala Platinum and Northern Cape, followed by a Tukey-Kramer analysis (SPSS 21) and a twoway ANOVA (SAS 9.3 Enterprise Guide 5.1) was performed on the S. lancea and S. pendulina from West Complex and Mispah; a TukeyKramer analysis was not performed as there was no significant difference between spore numbers.
Results
Root percentage colonisation
T. usneoides from West Complex and Mispah
While the levels of arbuscular and vesicular colonisation were slightly higher at West Complex, the hyphal and total colonisation were higher at Mispah (Fig. 1) but for all colonisation categories the differences between these sites were not significant (p b 0.050). Total colonisation of the roots was fairly high at 60% to 70%.
T. usneoides from ABB Zinc, Impala Platinum and Northern Cape
The levels of colonisation in the three sites are in the following order; Northern Cape N ABB Zinc N Impala Platinum with the latter levels for all categories being lower than the other two sites reflected in a significantly reduced total colonisation (Fig. 2) . However, the extent of colonisation in the trees overall is low varying from ±10% in the Impala Platinum trees to ±35% in the Northern Cape trees (Fig. 2) .
Searsia species from West Complex and Mispah
The total colonisation was highest in S. lancea at West Complex reaching almost 80%, and lowest in S. pendulina at Mispah at just under 50% (Fig. 3) . S. pendulina at Mispah also showed the lowest hyphal colonisation, reflecting its total colonisation pattern. West Complex S.lancea had the highest vesicular colonisation level reflecting the contribution of these structures to the high total levels in this plant on this site, whereas on Mispah this species showed the lowest vesicular colonisation (Fig. 3) . The arbuscular colonisation levels were low overall but reflect the same pattern as that for vesicles with the highest level in S. lancea at West Complex and the lowest value for this species at Mispah (Fig. 3) .
Spore counts
Insufficient replication of soil samples was done for the 2010 study so these results are not presented.
T. usneoides from ABB Zinc, Impala Platinum and Northern Cape
ABB Zinc had the highest spore density with the Northern Cape and Impala Platinum sites showing similar very low levels (Table 1) so that the pattern is almost the inverse of the colonisation pattern (Fig. 2) .
Searsia species from West Complex and Mispah
S. lancea at West Complex showed the highest spore count but levels for all samples were high with no significant differences between them (Table 1) .
Phylogenetic analysis
The species' names for the sequences generated in this study are speculative, as the resolution afforded by the AML primers is often not sufficient to accurately determine beyond the genus level, or equally high percentage sequence matches were found for more than one species. As such, we have preceded all species names with the abbreviation "cf." (Fig. 4, Table 2 ) and have based our species selection on the revised phylogeny of Krüger et al. (2012) .
The variation in the AM fungal diversity and distribution can be seen in the topology of the phylogenetic tree (Fig. 4) . It was found that Claroideoglomus species were typically associated with the T. usneoides host at the ABB Zinc, Impala Platinum, and Northern Cape sites. All six Claroideoglomus sequences grouped together with a high bootstrap support value (100%). Of these sequences, five were associated with the T. usneoides, and one was associated with the S. pendulina host from the Mispah site. Additionally, we found that the Diversispora species were typically associated with the S. pendulina host and the Mispah and West Complex sites. All five Diversispora sequences grouped together with strong bootstrap support (98%). Four of these sequences were associated with the S. pendulina host, with only one sequence associated with the T. usneoides host (from the ABB Zinc site). Of the three sequences obtained from samples associated with the S. lancea host, two were Sclerocystis species, and one Glomus. The grouping of these three sequences had strong bootstrap support (99%). The final sequence on the tree is an Acaulospora species associated with T. usneoides at the ABB Zinc site. This sequence groups outside of the clade in which the other sequences are placed. Table 2 provides further details on the samples and sequence matching.
Discussion
The mycorrhizal status of metallophyte plants has not been well examined until recently (Alford et al., 2010) . Many metallophyte species belong to the Brassicaceae, which is usually considered a nonmycorrhizal family of plants (Alford et al., 2010) . However, recent research efforts have shown several metallophytes (both Brassicaceae and non-Brassicaceae species) to be mycorrhizal, and that the strength of the association varies with different combinations of species (Alford et al., 2010; Turnau and Mesjasz-Przybylowicz, 2003; Vogel-Mikuš et al., 2006; Wu et al., 2007 Wu et al., , 2009 . It is significant therefore that all three plant species investigated showed moderate to high mycorrhizal colonisation levels, and are therefore suitable for mycorrhizoremedial programmes. To our knowledge, these findings present the first examination of the mycorrhizal status of T. usneoides. Notably, this species showed strong mycorrhizal colonisation levels in distinct and distant sites, suggesting that this species is preferentially mycorrhizal. The only other published study of the AM status of plants growing on mine tailings, or their footprints, in South Africa is that of Straker et al. (2007) who performed their study during the same season of the year as the present ones. These authors measured low to moderate levels of colonisation in five host species growing on slimes and slime-polluted veld and found strong host effects on the degree of colonisation.
The diversity of AM fungi associated with these plants appears to be relatively low. This is in keeping with previous findings that polluted environments can negatively impact the diversity of mycorrhizal fungi (Zarei et al., 2008 (Zarei et al., , 2010 . By comparison, studies in undisturbed environments can reveal dozens of AM fungal taxa (Öpik et al., 2008) .
There were distinct trends in the mycorrhizal species found to be associated with the three plant species used; S. pendulina at the West Complex and Mispah sites had mostly Diversispora species associated with it, while S. lancea was associated with Sclerocystis and Glomus species, and T. usneoides at the Northern Cape, ABB Zinc and Impala Platinum sites had predominantly Claroideoglomus species occurring with it. We speculate that this is due to a combination of geographical distribution of these fungal groups and a reflection of plant-fungal species preference (Öpik et al., 2008) . However, there is also a strong likelihood that the type and levels of metal contamination serve as selective pressures for different fungal strains; suggested by, for example, the differences in HM characteristics between West Complex and Platinum soils (Section 2.1) and the very low species diversity from the Impala Platinum site compared with that of West Complex (Table 2) . When considering phytoremedial strategies therefore, our findings highlight the importance of selecting AM fungal species on the basis of site and host species, rather than using a particular AM fungal species or group as a standard inoculum.
The investigation of AM fungal communities has been hampered in the past by a lack of consensus in a system of nomenclature to be applied to AM fungi identified by molecular data (Krüger et al., 2012; Öpik et al., 2010; Redecker et al., 2013) . Since the classification of AM fungi as an independent phylum within the fungal kingdom in 2001 (Schüßler et al., 2001) , several taxonomic restructurings have been proposed by different groups (Stürmer, 2012) which have led to some confusion when identifying these fungi, where the same phylogroups of AM fungi are identified with different names in different studies (Öpik et al., 2010) . In this study we use the phylogenetic reference data describing interspecific genetic variability of described Glomeromycota species which has recently been made available (Krüger et al., 2012) . This allows for new analyses of the molecular diversity of AM fungal communities to be relatable.
The current understanding of the geographical distribution of AM fungi is hindered by low levels of molecular data from certain regions, including Africa (Öpik et al., 2010) . As such, much remains to be discovered of the diversity and distribution of AM fungi in South Africa. The findings presented herein reveal in part the diversity and distribution of AM fungi associated with three phytoremedial agents currently Values are the means of 3-4 replicates ± SE. Different superscript letters reflect significant differences between means (p b 0.05, Tukey-Kramer).
used in environmental rehabilitation efforts. To our knowledge, this is the first molecular identification of AM fungi associated with mine tailings in South Africa. Our findings can be compared to previous investigations into AM fungal communities in South Africa, in which morphological identifications were made. In an investigation of AM fungi associated with cassava in the Limpopo and Mpumalanga provinces, Straker et al. (2010) identified Acaulospora mellea, which was also identified in this study. Five other AM species were identified, including Glomus etunicatum (recently renamed Claroideoglomus etunicatum) also found in the present study. In a separate study by Meyer et al. (2005) the AM community associated with grapevines in the Western Cape was investigated. Sclerocystis sinuosa (formerly Glomus sinuosum) was one of the 18 species identified which we also identified. The overlap of AM species identified in these various investigations appears to be small, suggesting that diversity and community composition vary significantly between regions, a trend which has been observed by Öpik et al. (2010) from their construction of a SSU rRNA gene virtual taxa database. While the primers used in this study reliably exclude non-AM fungal sequences, the product they yield is often inadequate for species level identification, especially within certain families (Krüger et al., 2009 ). The small size of the AML primer pair amplicon (approximately 800 bp) is part of the reason for this, in that equally high BLAST scores can be obtained for multiple species within a genus when submitting a sequence of this size for analysis (Krüger et al., 2009) . Additionally, for some AM fungal taxa there is not sufficient interspecific variability in the SSU rRNA gene to allow for species level resolution (Krüger et al., 2009 ). These problems have been solved with the development of a new set of primers; the SSUmCf and LSUmBr pair nested inside the SSUmAf and LSUmAr pair (Krüger et al., 2009 ). The target site of these primers spans both ITS regions, as well as part of the SSU and LSU genes, resulting in a product that is both larger (approximately 1500 bp) and suitable for species level identification (Krüger et al., 2009 ). These primers could be used in future work in this field. Regarding opportunities for further research; the relationship between the AM fungal community compositions of the spores could be compared with that of the roots of these plants, where efforts to quantify the extent of colonisation by individual AM fungal groups or species could be made. 
